Abstract. The level of CP violation in pp → tt+X induced by the Standard Model is known to be below the experimental sensitivity by many orders of magnitude. However, in some effective theories, it is plausible that new CP violating physics could reveal itself as additional non renormalizable terms in the Lagrangian. Since these should respect the symmetries of the low energy gauge interaction, violate CP and generate the correct event topology, the set of allowed terms is highly restricted. This analysis gives an estimate of the expected experimental sensitivity to the lowest order effective CP violating gtt interaction term beyond the Standard Model using simulated data from the ATLAS detector at the LHC.
Introduction
The search for and understanding of CP violation has played a central role in physics ever since it first discovery [1] . More and more experimental evidence strongly favors [2, 3, 4, 5] that the main source is due to the complex phase in the CKM matrix [6] that mixes the quark mass eigenstates in charged electroweak currents. Within the Standard Model (SM) [7] there is no room for any other mechanism to introduce CP violation, except for the topological strong CP phase [8] which must be extremely small due to the non-observation of an electric dipole moment of the neutron [9] .
However, the SM is not a complete theory. And as the Tevatron and the emerging LHC experiments begin to probe the physics in the TeV range, we anticipate indications of processes not incorporated in the SM. Many consistent candidates for an extension of the Standard Model contain new sources of CP violation, i.e. multiple Higgs doublet models [10] or low energy supersymmetry [11] where indeed the large top mass could imply yet undetected but sizable CP violating effects. Effective theories [12] provide a tool to extract the core physical properties, while at the same time it is able to hide our lack of information concerning the underlying theory. Given the focus of this paper on CP violation in events containing tt pairs, the new highly restricted set of effective terms in the Lagrangian should respect the gauge invariant symmetries of the low energy theory, violate CP and generate the correct event topology. In this analysis the topology is that of the LHC, i.e. pp → tt + X.
The topic of new CP violating sources in tt events has been a very active area in phenomenological studies [13, 14] . This analysis will concentrate more on experimental issues which have not been explored in the same detail.
Effective theory
In order to be as model independent as possible, the choice was made to use the effective theory approach to the problem of modeling CP violation in tt production at the Lagrangian level (see e.g. [15, 16] ). This means that we assume that there is a new high energy physics scale (Λ) which introduces new degrees of freedom. These degrees of freedom are not produced on shell, but induce non renormalizable terms at low energy in the effective Lagrangian via virtual effects ‡.
There are three operators at leading order of mass dimension six that are relevant for the LHC environment. After applying the SM equations of motion, they are all equivalent up to four fermion vertices [17] which can be safely neglected, particularly since the gluon fusion production is dominant. The operator is
in the common SM notation, i.e. q L is the left-handed SU(2) doublet containg the third family left-handed quarks t L and b L , t R is the right-handed SU(2) singlet, Φ is the Higgs field whereΦ = iσ 2 Φ * , G a µν is the gluon field tensor, and T a are the SU(3) generators. Before this interaction can be added to the SM Lagrangian, it must be made real and given the correct mass dimensionality
where M is an arbitrary mass scale, α tG is the coupling constant, the helicity projection operators are
, and v is the Higgs vacuum expectation value after electro-weak symmetry breaking. Neglecting the dynamics of the Higgs field, this is dynamically equivalent to the mass dimension five Lagrangian [18] 
where C 5 is the chromo-magnetic dipole moment (CMDM) and D 5 is the chromoelectric dipole moment (CEDM). CEDM is CP -odd and hence the leading order ‡ An example of an effective theory is the Fermi Theory for the muon decay, where the W interaction is replaced by an effective four fermion vertex at low energy.
contribution for the parametrization of CP violation, while CMDM is CP -even and does not violate CP . The relations between the constants in L 6 and L 5 are
The couplings C 5 and D 5 are not dimensionless. A practical definition of dimensionless couplings of order one (c t ,d 5 ) are
where g s is the strong coupling constant.
Since the terms in L 6 are not renormalizable, there exists a limit from the unitarity of the S-matrix. The unitarity constraint has been estimated in reference [19] to be
If we assume that |Re(α tG )| |Im(α tG )| and set the scale of new physics at Λ = 2 TeV we find §
This means that if there is new physics at 2 TeV, the model L 6 will provide a reasonable effective description as long as condition (8) holds.
Event generation
The CP violating signal is generated by the MC generator TOPSPIN [20] that incorporates the full matrix elements for the reaction studied. This is very important since the CP violation is mediated by the tt spin correlation. The matrix elements are calculated by the HELAS [21] library with modified CP violating vertices. The fragmentation of the hard process is handled by PYTHIA [22] . The output agrees with the calculations in reference [18] and COMPHEP [23] that only takes L 5 as input in the generation of the cross-section calculations. The details of the event generation are explained in reference [20] .
Feynman rules
To calculate the matrix elements for the MC generator, the first thing to do is to extract the corresponding Feynman rules. The Lagrangian L 5 generates two additional Feynman rules apart from those in Standard Model. They can be read off directly from the Lagrangian and are represented by the following graphs and § According to reference [19] there is a unique definition of the unitarity constraint if we use M instead of Λ as the mass scale in L 6 .
rules:
The vertex V 1 modifies the original gtt vertex and the vertex V 2 is a new fourpoint vertex not present in the Standard Model. f abc are the SU(3) structure constants. Please note that this definition of V 2 requires strictly real and constant couplings. The imaginary part of the couplings must be zero below the tt production threshold, hence non zero complex couplings imply q 2 dependence and higher orders in the mass dimensions. The extra Lorentz structures needed for a constant imaginary part above the threshold are given in reference [13] but are not included here.
Amplitudes
The dominant production mode at LHC is gg fusion (90%), henceis not considered. The cleanest final state topology is the semi-leptonic decay of both t andt resulting in a final state with two oppositely charged leptons, from here on referred to as the dilepton final state. However, the bulk of the total observable rate contains one t decaying semi-leptonically and the other one going to hadrons. This class of events will subsequently be referred to as lepton + jets. The Standard Model tt diagrams with purely semi-leptonic decays are shown in Figure 1 . When L 5 is added, there is one more diagram that includes V 2 . There are 200 additional Standard Model diagrams that contribute to this final state, which in principle are needed in order to maintain complete gauge invariance. However, due to the narrow widths of the resonances their contribution to the total cross-section was found to be negligible. An inclusion would also have required significant additional CPU power.
Signal and background samples
The total cross-section for tt production at the LHC is estimated to be 833 pb at next to leading order [24] . For the leading order MC PYTHIA 6.157 with CTEQ 5M structure functions taken from PDFLIB [25] , the total cross-section is 685 pb. Thus, rescaling is needed in order for the leading order MC to match the next to leading order calculations. For an expected initial luminosity of 10 fb −1 per year, this translates into 8.3 million produced events per year. The two classes of events that are useful in the analysis are dileptons and lepton + jets. The W branching ratio into each lepton-neutrino pair is 10.7%. Since events containing leptonic tau-decays are not useful due to the extra neutrinos, only muons and electrons are used leading to a dilepton sample of 380000 events per year. The hadronic fraction of the W is 67.8% which gives a total lepton + jets sample of 2.4 million events per year. The purely hadronic sample is not considered since it is very hard to separate from the background. The main background for dileptons is Z + jet, where the Z decays into taus (740 pb, jet p t >20 GeV). For lepton + jets the main background is W + jet (14800 pb, jet p t > 20 GeV), where the W decays into leptons. p t is defined as the transverse momentum with respect to the beam line.
Observables for CP violation
If the d t parameter is small, typically 0.1 or less, than the term linear in d t will be the dominating CP violating term in the differential cross-section. This has the consequence that the total cross-section is not affected by d t since the spin average is zero. There are also higher order terms. As d t is assumed to be small, these higher order terms will be suppressed in CP -even observables like the p t spectrum.
Optimal observables
Assume that a cross-section σ has a small perturbation controlled by the parameter λ. Then σ can be expanded in terms of λ
where λ could be for example the CEDM parameter d t . The question is how to measure λ in an optimal manner? Under the conditions described above there exists an optimal observable f for λ given by
such that the statistical fluctuations are minimized [26] . Note that f inherits the symmetry from the perturbation introduced in the Lagrangian. Unfortunately the optimal observable f may not be optimal in a global sense when instrumental effects are considered. Some information may not be available or very poorly reconstructed. But even worse, since f can be a complicated function of many observables it can be sensitive to systematic effects that become the dominant error source for large statistics samples. However, the optimal observable always remains very useful as a benchmark for other simpler observables.
Since it is not possible to perform true time reversal to the event, the assumed equivalence between CP and T due to the CP T theorem cannot be applied in any useful way to the observables. However, one can still define a quantity called naive time reversal (T N ). T N implies reversal of momentum and spin but not interchanging initial and final states. The CP -odd observables fall into two categories, those which are odd and those which are even under T N . T Nodd observables probe the real part of λ, do not require any strong (absorptive) phase in the final state, but need at least four measured 4-vectors and must be proportional to the Levi-Civita tensor. T N -even observables on the other hand only require two measured quantities, require a strong phase and probe the imaginary part of λ [27] .
Non optimal observables
Given the experimental difficulties in using optimal observables it makes sense to look for simpler and more robust ones that are sufficiently sensitive. Robust observables have been evaluated in numerous articles [28, 29] . The most competitive are 5-10 times less effective than the optimal ones. For dilepton events, the two most effective found in the literature [14] are:
For lepton + jets events, one of the leptons is replaced by the d-type jet from the W decay. In the analysis several other asymmetries have also been investigated, such as
All momenta are given in the laboratory frame except for Q 2 , where the top momenta are in the parton c.m.s. and the leptons are in the top rest frame. Note that only f 2 has the property of being Lorentz invariant.
Standard Model background contribution
Since the pp initial state is not a CP eigenstate, the signal will eventually at some level receive contributions from CP -even processes. It is easy to show that for initial gluons and Lorentz invariant observables like f 2 there are no contributions at tree level. Also T N -odd observables require an absorptive phase in order to receive contributions from CP -even processes. The situation is worse for the observable A 1 . Here a contribution from the process→ Z → tt is present already at the tree level. In reference [29] it is shown that this background is at least 2 orders of magnitude smaller than the signal.
Detector simulation
The response of the ATLAS detector [30] is simulated by the fast simulation package ATLFAST [31] . This essentially accounts for resolution smearing of objects accepted within the geometry of the detector, according to the expected performance. The calorimeters are simulated by summing and smearing all particles except muons and neutrinos within 0.1 × 0.1 in η and φ, where η is the pseudo rapidity and φ is the azimuthal angle. The default ATLFAST jet algorithm is used to reconstruct the jets within a ∆R = (∆η) 2 + (∆φ) 2 = 0.4 cone. Leptons are required to be isolated from the jets. The b-tagging efficiency is assumed to be 70%, with rejection parametrization taken from the ATLFAST B-physics library ATLFAST-B. High efficiency is very important and rejection factors of O(10) are sufficient to clean up the event against combinatorial background.
Analysis
In the analysis the choice was made to study the real part of the d t parameter only. This has the consequence that only T N -odd asymmetries are relevant. There are several reasons for the choice of a real d t [10] . A real d t is in the spirit of effective theories, where the unknown degrees of freedom are not produced onshell. Furthermore, d t must be strictly real below the production threshold of on-shell t-quarks; a possible imaginary part must therefore be q 2 dependent. In principle, the modeling of such a q 2 dependence only implies a few additional
Lorentz structures in the four-point vertex V 2 (see e.g. reference [13] ), but we chose not to include these in the MC.
The CP violation is manifest in the spin correlation between the two tquarks which is evident from the explicit matrix elements in [28] . The strongest asymmetry found that utilizes this fact is f 2 . Due to the nature of the weak interaction, the spin of the t-quark is reflected in the kinematics of the decay products. The strongest spin analyzers are the charged leptons or, in the case of hadronic W decays, the d-quarks [32] . The complication is that the flavour and charge of the b-quarks, and d-quarks in hadronic decay, have to be assigned according to best knowledge. In this analysis a combination of the complete final state kinematics and the b-tagging capability are used to solve the jet flavour and charge assignment. This technique works for both the dilepton and lepton + jets topologies. Another argument for a full event reconstruction is that the use of the t-quark momentum instead of the b-quark momentum in the f 2 asymmetry improves the sensitivity, at least at the parton level.
In the analysis, jets are used in the reconstruction of the W and top masses. Since parton and jet momenta are not the same, an energy dependent rescaling is performed in order to reconstruct the correct average mass. The jet calibration information for the rescaling is taken from the tt sample, but with strict isolation criteria. The effect of the rescaling is shown in figure 2 . The convergence probability of the fit is low when the jet rescaling ratio true/reconstructed is below unity. The highest reconstruction efficiency was found when the average rescaling ratio was a few percent above one. Note that all cuts on jet momenta are applied before any jet rescaling.
Dileptons
A typical tree level diagram for a dilepton event is shown in Figure 3a . The two electrons in the final state allow for an efficient triggering and background suppression; also the typical non-rescaled momenta of the b-jets of 60 GeV are rather high. The complication lies in the fact that the two neutrinos escape the detector undetected. All momenta in the event can be solved from kinematic constraints (see Appendix A), but the solution is not unique due to a two or fourfold ambiguity. It is possible to improve the situation by constructing a weighted average over all ambiguities according to the kinematical distributions. However, in this analysis all ambiguities are assigned the same weight. If only information from the leptons is used in the observable, the selection of events is rather straight forward: (i) The event is required to have 2 isolated oppositely signed leptons with a transverse momentum greater than 15 GeV for the most energetic one and 6 GeV for the other.
(ii) 2 b-tagged jets are required with p t > 30 GeV. Among all jets, only the four most energetic are selected. At this stage of analysis, the asymmetry A 1 can be used to determine the imaginary part of d t . However, the observable f 2 requires knowledge of the bquark charge. Since the event can be fully reconstructed (see Appendix A), an efficient way is to use the kinematic constraints to solve for the jet charge.
(iii) The analytical solutions to the event are calculated. If no real solution is found, select the real part of the solution with the smallest imaginary part. We require that |m t − m * t | < 10 GeV and |m w − m * w | < 10 GeV, where * represents the reconstructed mass.
It is quite evident from Figure 4 , that the kinematic constraints are able to correctly assign jet flavour quite efficiently. Even without b-tagging the analytical reconstruction yields 45% of the b-jets within a ∆R = 0.3 cone of the original parton. The efficiencies of the sequential cuts are shown in Table 1 .
Single lepton + jets
A typical diagram for a lepton + jets event is shown in Figure 3b . The average jet multiplicity is 6 jets, hence the problem of flavour and charge assignment with high efficiency is highly non trivial. An efficient tool for the selection of the jet candidates is to use the 6 most energetic jets. This not only vastly reduces the computational requirements, but also increases the total number of correct assignments. The analysis proceeds as follows:
(i) Events are selected which have one isolated lepton whose transverse momentum is greater than 20 GeV and contain at least four identified jets. (ii) 2 b-jets are required with p t > 30 GeV and 2 addional jets with p t > 15 GeV.
(iii) All combinations of the 6 most energetic jets are required to reconstruct the W (t) masses within 40 (60) GeV.
(iv) A 3C fit (see Appendix B) is applied to the event. Only the two combinations with the highest χ 2 probabilities > 10% are kept. An optional refinement is then to assign the d-jet to the least energetic jet of two remaining jets.
The number of events that survives the cuts are shown in Table 2 . The f 2 asymmetry requires the identification of the d-type quark which is not separable from the u-type quark on an event to event basis in the W decay. Fortunately, since the d-quark is a much stronger (100%) spin analyzer than the u-quark (-31%), there is a net asymmetry just by averaging over the two configurations. There is a further possibility to account for the jet flavour on a statistical basis due to the fact that in 61% of the cases the d-quark is the least energetic jet in top rest frame. Consequently one can search for an improved significance by giving a higher weight to the least energetic jet.
Results
The aim of this analysis is to maximize the sensitivity to CP violation. In the analysis chain there are several factors that have a significant impact on the final performance. Among the evaluated asymmetries f 2 (t) is clearly the most sensitive observable at the parton level. However, once the effects of the detector and the reconstruction are included f 2 (b) is actually equally good or even better. The distributions of f 2 (t) and f 2 (b) are shown in Figure 6 . The second issue is how to extract the asymmetry in the best possible way. A high quality fit to the distribution is given by a double Gaussian with common mean, see Figure  6 . However, when the error of the fit is compared to the error of the mean taken from the histogram, the it was found that fit yields no improvement to the significance. The mean estimation from the histogram is robust and requires no a priori estimation of the shape of the distribution. The significance is defined here as the mean divided by the one sigma error. One way to further improve the robustness of the measurement, proposed by W. Bernreuther et al [33] , is to do a counting experiment of the difference between the number of positive and negative asymmetries. Clearly that does not take full advantage of the available information. On average half of the significance is lost. The T N -even observable A 1 is unaffected since d t is assumed to have no imaginary part. The summary of the strength in significance for the different asymmetries is shown in Table 3 . The significance for a non zero f 2 asymmetry and hence the ability to detect a non zero CP violating effect -given a fixed number of events at different values of c t and d t -are shown in table 4. The control samples from PYTHIA and TOPSPIN at the point (0,0) yield no signal as expected. As the CP violating (a) (b) Figure 6 . The asymmetry f 2 fitted to a double Gaussian with common mean using 1M dilepton events with d t = 0.1. In diagram (a) the parton level distribution of f 2 (t) is shown. The quality of the fit is good but there is no improvement compared to the significance given by the mean and RMS from the histogram. In diagram (b) the distribution of f 2 (b) after detector simulation is shown. The dip in the peak is due to the p t cuts. Table 3 . Significance for different asymmetries in the case of 1M lepton + jets events with d t = 0.2. The (mean) refers to significance = mean/(RMS √ events) and (count) refers to the significance given by the difference in the number of positive and negative asymmetry values. The number within parenthesis is when only the least energetic jet in the top rest frame is used for the d-quark. The T N -even asymmetry A 1 is unaffected since d t has no imaginary part.
Parton(mean) 0.0 9. parameter d t is turned on, its effect on the asymmetry observable f 2 is quite evident. We see that both the dilepton and the lepton + jet sample have about the same order of sensitivity for the CP violating parameter D 5 . However, the sample with the best reach is lepton + jets, assuming the least energetic jet as the d-jet.
There is an interesting effect of the CP -even parameter c t . The parameter c t itself cannot introduce any CP violation, but it can have a large impact on the sensitivity. A minimum is found at the point (-0.6,0.2). However, this particular point would not remain undetected since the total cross-section is huge. One can also look at CP -even observables like the p t spectrum to disentangle CP -even contributions, see Figure 7 . Another interesting point is (-0.2,0.2) which has no effect on the total cross-section. Finally, the impact of systematics has been investigated. The fact the observable f 2 is a distribution asymmetry makes the end result quite robust against systematics. For example, an error in the jet energy scale or differences in the detection efficiencies does not introduce any fake asymmetries. However, an error in the jet energy scale reduces the reconstruction efficiency. Up to a 25% reduction in the significance was seen in the dilepton sample given a 1% error in the jet energy scale. For lepton + jets, where a a constrained fit was employed, the reduction was only 5%.
Consequently, after 10 fb −1 of data taking and under the condition that the c t parameter is small, the limit when the two sample are considered separately is estimated to be
Conclusions
The large sample of pp → tt + X events that should be available in ATLAS soon after the datataking starts, has been simulated and analyzed in the context of sensitivity to new CP violating sources in the gtt production vertex. Using an effective theory approach, the level of CP violation is parametrized in terms of the chromo-electric dipole moment. The 5σ reach in sensitivity for the real part of the CEDM parameter D 5 after one year of 10 fb −1 total luminosity is estimated to be
The samples of dileptons and lepton + jets are independently capable of achieving this sensitivity. The condition is, however, that the CMDM parameter C 5 is small. An example of an independent and efficient handle on the C 5 parameter is the lepton p t spectrum. The current experimental limit on D 5 is from top pair production at the Tevatron. According to reference [18] , the limit is given by:
It is also interesting to compare the ATLAS result with the limit from an explicit model calculation. For example, reference [10] estimates D 5 0.1 × 10 −18 cm · g s in the case of multiple Higgs doublet models.
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The variables are split into unknown(ξ), measured(y) and improved measured (η) quantities
All particles except b-quarks, t-quarks and W 's are assumed to be massless. Please note that the resonance masses are formulated as measured quantities with associated errors. The solution to the general non linear constrained leastsquares problem follows that of [34] and is formulated as
where V(y) is the covariance matrix with values taken from [30] and λ are the Lagrangian multipliers. The derivatives of χ 2 (η, ξ, λ) are set to zero and f (η, ξ)
is Taylor expanded. The method then iterates from the starting guess η = y and ξ = { / E T , p νz } until either a convergent or divergent behaviour is found. The starting guess p νz is solved from the constraints f i . Convergence is defined as |χ The matrix equation is solved with the Fortran matrix routines in CERNLIB [35] using double precision. For numerical stability all f i had to be rescaled, i.e. f i = 0.01f i . Also in (B.10) the matrices should be evaluated before applied to the vector r.
Appendix B.1. Performance
In order to verify the method a set of potentially good candidate events were preselected. All momenta were required to be isolated such that a cone of ∆R = 0.4 could be applied to all particles without overlap. Also the default acceptance of the ATLAS detector was applied. The errors on / E T were cut at 5 GeV, the same cut was applied to the resonance masses. All these cuts were made at the parton level of the MC generator [22] . The events were then passed through fast detector simulation for proper smearing. No initial state radiation, final state radiation or fragmentation were enabled. This provides a good set of true parton level information and the corresponding measured quantities. The unmeasured z-component of the neutrino momentum before and after the fit is shown in Figure B1 . The corresponding χ 2 probability is shown in Figure B2 .
The main limitation of the fit is that all the constraints are based on quantities that are more or less non Gaussian; the / E T has long tails and the resonance masses are distributed according to Breit-Wigner distributions.
The effect of the fit is that all the measured quantities are improved by a few percent. For the particular set of MC data used, 80% pass the prob(χ 2 ) > 1% Figure B2 . χ 2 probability distribution for the 3C fit using preselected high quality events. Errors have been assumed according to design specifications and PDG [36] .
criteria. Those that do not pass are mainly events with non Gaussian tails in / E T . Only 1.4% of the events failed to converge.
Inflating the present experimental uncertainties on the resonance masses by a factor of two improves the performance on the momentum determination and increases the number of events passing the probability cut. However the masses are less well reconstructed. In the CP violation analysis, high efficiency and improved momenta are desirable, hence the errors on the resonance masses are assigned twice the present experimental uncertainties in that case.
